• Premise of the study: Hybridization between diploids and tetraploids can lead to new 25 allopolyploid species, often via a triploid intermediate. Viable triploids are often produced 26 asymmetrically, with greater success observed for "maternal-excess" crosses where the 27 mother has a higher ploidy than the father. Here we investigate the evolutionary origins of 28 Mimulus peregrinus, an allohexaploid recently derived from the triploid M. x robertsii, to 29 determine whether reproductive asymmetry has shaped the formation of this new species. 30 • Methods: We used reciprocal crosses between the diploid (M. guttatus) and tetraploid (M. 31 luteus) progenitors to determine the viability of triploid M. x robertsii hybrids resulting from 32 paternal-versus maternal-excess crosses. To investigate whether experimental results predict 33 patterns seen in the field, we performed parentage analyses comparing natural populations of 34 M. peregrinus to its diploid, tetraploid, and triploid progenitors. Organellar sequences 35 obtained from pre-existing genomic data, supplemented with additional genotyping was used 36 to establish the maternal ancestry of multiple M. peregrinus and M. x robertsii populations. 37 • Key results: We find strong evidence for asymmetric origins of M. peregrinus, but opposite 38 to the common pattern, with paternal-excess crosses significantly more successful than 39 maternal-excess crosses. These results successfully predicted hybrid formation in nature: 111 40 of 114 M. x robertsii individuals, and 27 of 27 M. peregrinus, had an M. guttatus maternal 41 haplotype. 42 • Conclusion: This study, which includes the first Mimulus chloroplast genome assembly, 43 demonstrates the utility of parentage analysis through genome skimming. We highlight the 44 benefits of complementing genomic analyses with experimental approaches to understand 45 asymmetry in allopolyploid speciation. 46 47
British Isles (Roberts, 1964; Silverside, 1998; Stace, Preston, and Pearman, 2015 (Grant, 1924; Watson, 1989; von Bohlen, 1995; 167 Cooley and Willis, 2009), some of which have become naturalized in the British Isles (Stace, 168 2010) . Extant populations of M. luteus in the British Isles include highly polymorphic 169 individuals, which may have resulted from hybridization events between different naturalized 170 varieties. Here we focus on interspecific hybrids between M. guttatus and different varieties of M. 171 luteus s.l., excluding hybrids with another closely related South American taxon, M. cupreus, 172 which are rarer and easily distinguished (Stace, 2010) . Hybrids between M. guttatus and M. luteus 173 s.l. receive different taxonomic names, mostly based on color patterns of the corolla (Stace, 174 2010) . For simplicity, hereafter we refer to these hybrids as M. x robertsii, and the interested 175 reader is referred to Silverside (1998) for a more detailed morphological classification of hybrid 176 types. 177
Hybridization between diploid M. guttatus (2n= 2x = 28) and tetraploid M. luteus (2n = 4x = 60-178 62) yields highly sterile, triploid individuals (2n = 3x = 44 -46, M. x robertsii). Despite their 179 sterility (Roberts, 1964; Parker, 1975) , these triploid hybrids can be vegetatively vigorous and 180 display a strong capacity to reproduce by clonal propagation from plant fragments that root at the 181 nodes. M. x robertsii has been very successful at establishing naturalized populations throughout 182 the British Isles (Stace, Preston, and Pearman, 2015) , To generate interspecific hybrids, each of the 12 M. guttatus outbred lines were randomly paired 199 with one of 12 M. luteus s.l. outbred lines. Two of these interspecific pairs were then assigned to 200 each of six mating groups, and each of these groups was subject to a diallel cross, except selfs. To 201 avoid half-sib matings, conspecifics in the same mating group were chosen to be unrelated. calyx length (measured at the upper sepal); (e) tube length (measured in side view); (f) pedicel 241 length; (g) bract width (width of the subtending leaf at the node of the flower being measured) ; 242 and (h) bract length (including petiole). Nectar production was measured on a subset of flowers 243 using a 50µL calibrated glass pipette (Drummond Scientific Company, Broomall, PA, USA). The 244 fertility of reciprocal crosses was not quantified here, but previous work (Roberts 1964) , and our 245 preliminary observations suggest that triploid hybrids are sterile regardless of crossing direction. 246
Confirming the success of artificial crosses-To further check that the individuals produced 247 through artificial crosses were indeed derived from interspecific hybridization, we genotyped all 248 plants used in the morphological analyses. Leaf tissue samples were collected in August-October 249 2012 and stored in silica gel. DNA was extracted using a modification of the CTAB protocol 250 described in Doyle and Doyle (1990) , and quantified with Nanodrop 2000 (Thermo Scientific, 251
Wilmington, DE, USA). We genotyped putative hybrids and parents at six microsatellite loci 252 (ATT240, AAT217, ATT267, AAT230, AAT225, AAT300; (Kelly and Willis, 1998) following 253 the protocol described in Vallejo-Marín and Lye (2013). We used STRand 2.4.59 (Toonen and 254 Hughes, 2001) to analyze fluorescence profiles. Based on the genotyping results, four ML x MG 255 individuals were identified as self-pollinations of the ML maternal plant based on lack of 256 expected heterozygosity, and excluded from subsequent analyses. While we do not have 257 cytological data for individuals included in this experiment, we have confirmed the triploid nature 258 of other putative triploid individuals in the same interspecific crosses using genome size estimates 259 of nuclei stained with propidium iodide, and analyzed in a Guava easyCyte 5 (Merck Millipore, 260 Watford, U.K.) flow cytometer (Vallejo-Marín, unpublished). 261
Data analysis-The number of seeds produced by the four cross types (MG x MG, MG x ML, 262 ML x MG, and ML x ML) was statistically compared with a general linear model (with normal 263 distribution) with cross type as explanatory variable using the glm package in R ver. 3.1.2 (R 264 Core Team, 2015). Pairwise posthoc comparisons among cross types was done using Tukey tests 265 on the fitted model using multcomp (Hothorn, Bretz, and Westfall, 2008) . Germination curves for 266 each cross type were calculated as the mean of the four studied lines. The proportion of plants 267 that flowered was analyzed using a binomial distribution (logit link) in glm, and posthoc pairwise 268 comparisons among cross types done with Tukey tests in multcomp. Nectar content and plant 269 height were also analyzed using glm with cross type as an explanatory variable, and Tukey tests 270 performed in multcomp. Floral and leaf traits are presented as mean and standard error for 271 illustration only, and no further general linear model or pairwise posthoc comparisons for cross 272 types were done on these traits. A PCA of the 10 floral and vegetative traits shown in Table 4 2012) with k-mer sizes of 55 and 87 under the "only-assembler" option. The resulting contigs 286 were assembled with the full trimmed data set using afin (bitbucket.org/benine/afin) with the 287 following parameters: a stop extension value of 0.1, an initial trim of 100 base pairs to contigs, a 288 maximum extension of 100 bp per loop, and 50 search loops. afin spans contigs by trimming 289 contig ends, identifying matching reads to the contig ends, and extending the contigs iteratively 290 while attempting to fuse contigs at each iteration. Ultimately, afin was able to assemble the 291 plastome from ~10 contigs to one. The assembled plastome was put into Sequencher 5.0.1 292 (Genecodes), and the boundaries of the quadripartite regions (large single copy-LSC, inverted 293 repeat B-IRB, small single copy-SSC, and inverted repeat A-IRA) were identified. The final 294 plastome is presented in the LSC-IRB-SSC-IRA format. The final assembly of the plastome was 295 verified through a coverage analysis. Jellyfish v.2.1.3 (Marçais and Kingsford, 2011) was used to 296 estimate 25-mer abundance from the cleaned reads. These abundances were used to map a 25 297 base pair sliding window of coverage across the assembled plastome. The coverage was found to 298 be uniform and equal for the single copy regions (LSC=373X; SSC=328X) with the inverted 299 repeat having ~2x the coverage of the single copy regions (IR=756X), as expected. DOGMA 300 (Wyman, Jansen, and Boore, 2004) was used to annotate the Mimulus luteus plastome. A graph of the annotated plastome structure was created using Circos v.0.66 (Krzywinski et al., 2009 ), as 302 implemented in Verdant (verdant.iplantcollaborative.org). 303
Samples for genomic parentage analysis-In order to determine the relationships between the 304 cytoplasmic genomes of M. guttatus and M. luteus, we analyzed previously published and newly 305 generated sequencing data of both parental taxa (Table 2) In total we analyzed 45 genomic samples (Table 2) . 329 alignment so that only the LSC, IRB, and SSC were present. Alignments were inspected for 343 sequence similarity. Multiple instances where portions of the mitochondrial chloroplast-derived 344 sequences did not have an ordinal alignment with the majority of the sequence were identified. In 345 these cases, the region that did not align was removed and realigned to the full plastome. These 346 chimeric chloroplast-derived sequences may reflect multiple recombination events, and 347 subsequence recombination hotspots of the mitochondrial genome, or they are representative of 348 multiple chloroplast-genome insertion events in the history of the mitochondrial genome. Once 349 aligned, the coordinates of alignment to the chloroplast genome were recorded. Data 350 corresponding to these positions were eventually removed from the data matrix (see below). 351
Genotyping of plastid genomes-We
Chloroplast sequences were reconstructed from VCF files representing mapping to the Mimulus 352 luteus plastome (see above). For each position of the M. luteus plastome, the corresponding base 353 in the mapped data set was recorded. If an indel was identified, that position was ignored. Indels 354 are difficult to distinguish from missing data using this method, so we chose to completely ignore 355 them to reduce potentially conflicting signal. Each reconstructed plastome was split into features 356 (protein-coding genes, tRNAs, and rRNAs) and inter-feature regions, which were used for 357 individual alignments and concatenation (see below). Features were identified based on their 358 alignment to known coordinates of the annotated the Mimulus luteus chloroplast genomes. 359
Chloroplast regions identified in mitochondrial genome were excluded in phylogenetic analyses. 360
This process was done using a Perl script 361 (https://github.com/mrmckain/AJB_2015_Mimulus_Allopolyploidy).
Mitochondrial sequences were reconstructed in a similar manner to that of the plastid sequences. 363
In this case, the annotation of the M. guttatus mitochondrial genomes was used to recognize 364 features in the reconstructed sequences. Regions mapping to the chloroplast-derived regions of 365 the mitochondrial were ignored. As before, reconstructed features and inter-feature regions were 366 used in alignments and then concatenated (see below). 367 bp. The mitochondrial phylogeny was estimated as above using the reduced 28 sample set. 384
We included CS-4-3 (M. luteus), CG-1-1 (M. guttatus), first generation lab generated triploid 385 hybrid HOO3b (CG-1-1 x CS-4-3), and lab generated allohexaploid SYN (13-SYN-1-JP1) to 386 verify that this approach could determine maternal ancestry in a controlled hybridization event. In 387 addition, we also included two M. luteus individuals (MLl1 and MLl2) derived from the same 388 inbred line but genotyped using different methods (WGS and SC, respectively). Alignments and 389 phylogenetic trees are available on Dryad (doi:10.5061/dryad.5q91d). 390
Haplotype networks-We estimated matrilineal haplotype networks for both chloroplast and 391 mitochondria using statistical parsimony (TCS) implemented in PopArt (http://popart.otago.ac.nz). For this analysis we used a panel of 929 SNPs for the chloroplast, and 393 1,454 for the mitochondria. Only variable sites were included in the SNP matrix. Indels and sites 394 filtered as described in above section (Filtering of genomic data for phylogenetic analysis) were 395 excluded. For chloroplast, we included both whole-genome sequence (WGS) and sequence 396 capture (SC) samples, and for mitochondria we excluded the SC samples as above. For both data 397 sets we excluded sites with more than 5% missing data. This allowed us to analyze 493 sites of 398 which 161 were parsimony-informative for chloroplast, and 784 sites of which 300 were 399 parsimony-informative for the mitochondria. 400
Principal component analysis-We also conducted a principal component analysis (PCA) using 401
the SNP data of the chloroplast and mitochondrial genomes using the glPca function in the R 402 package adegenet v. 2.0 (Jombart and Ahmed, 2011) . For this analysis we removed genomic 403 regions with low genotyping success, and included only those SNP sites that were successfully 404 genotyped in 90% (41/45) or more individuals. This filtering step removed poorly genotyped 405 genomic regions, and reduced the total number of SNPs from 1454 to 434 for the mitochondrial 406 genome and from 929 to 694 in the chloroplast. For the chloroplast analysis, we also removed a 407 single WGS individual which had poor genotyping success across the genome even after filtering 408 (CG). As expected the amount of missing data across genotyped SNP loci was higher for the SC 409 than for the WGS data set after filtering. For the mitochondria data set, the amount of missing 410 data per site per individuals was 0.0013 for WGS and 0.1080 for SC. For the chloroplast, the 411 same threshold yielded an average amount of missing data per site per individuals of 0.0054 for 412 WGS and 0.0176 for SC. 413
Mitochondrial genotyping in natural hybrids-We used mitochondrial genome sequences to 414 identify potential markers that could help us distinguish M. guttatus and M. luteus in natural 415 hybrid populations. We sought loci segregating for alternative alleles in M. luteus (MLl1 and CS) 416 and M. guttatus (CG and AYR1) in the sequenced panel. Our goal was to identify fragment length 417 polymorphic sites (indels) that could be scored using microcapillary fragment analysis. To 418 identify segregating indels, we sorted BAM alignments in IGV genome browser, and manually 419 screened for indels that were alternatively fixed between M. luteus and M. guttatus. We identified 420 three indels (3-4 bp) that distinguished M. guttatus and M. luteus. Genotyping individuals at these 421 indels produced a distinct haplotype with which we could potentially identify the maternal 422 Table 2 ). 438
Between 1 and 15 individuals were genotyped per taxon per population (6.8 ± 3.5, mean ± SD) 439 (Table 3) 
Genomic analysis of hybrid parentage based on cytoplasmic genomes-On average, 483
sequencing coverage of the cytoplasmic genomes was very high, although also very skewed. For 484 WGS datasets, per individual average read coverage of the mitochondrial and chloroplast genome 485 ranged from 48-940x and 347-5556x with global means of 318 and 2303, respectively. As 486 expected, the sequence capture datasets had high read coverage but totals were considerably 487 lower than the WGS datasets (Appendix S2). Per individual average read coverage for SC 488 datasets mapped against the mitochondrial and chloroplasts genomes from 6-13x and 55-112x 489 with means of 9x and 85x, respectively. The chloroplast has considerably greater read depth than 490 the mitochondria. The fraction of genotyped bases varied considerably between the WGS and SC 491 dataset (Appendix S7; see Supplemental Data with the online version of this article). On average, 492 68% and 80% of chloroplast sites were genotyped in the SC and WGS datasets, respectively 493 (fraction of sites genotyped calculated from entire mitochondrial and chloroplast datasets before 494 filtering). The mitochondria exhibited larger span between the average percentage of called bases 495 between the SC and WGS datasets with 57% and 85% called. 496
The chloroplast tree had relatively high resolution and strong support at the taxon level (i.e., M. a large number of mutational steps (Fig. 5B) . 536
The PCA of both chloroplast and mitochondria data sets also showed that M. x robertsii and M. 537 peregrinus cluster together with M. guttatus samples (Fig. 6 ). In the chloroplast PCA, the two 538 Thus our study confirms early crossing experiments (Roberts, 1964; Parker, 1975) , and adds to a 564 growing list of exceptions to the "rule" of poorly-performing paternal-excess crosses (Table 1;  565 Appendix S1; see Supplemental Data with the online version of this article). Specifically, we 566 showed that viable hybrids are considerably more likely to be produced when diploid M. guttatus 567 is used as the maternal parent and tetraploid M. luteus as the paternal parent (MG x ML), than in 568 the opposite direction (ML x MG). We showed that MG x ML hybrids are larger in size than the 569 parental taxa and the reciprocal hybrid ML x MG. The MG x ML hybrids also flowered earlier 570 and produced more nectar than their M. guttatus parents. Motivated by this observed asymmetry 571 of hybridization, we used previously available genomic sequences, and developed novel genomic Tratt, and Bolbol, 2013). 596
As a first step toward understanding the mechanism of reproductive asymmetry in Mimulus, we 597 compared seed size in the 16 controlled crosses used in the phenotypic experiment. These crosses 598 included four accessions of each parental taxa and the reciprocal hybrid crosses (Appendix S2; 599 see Supplemental Data with the online version of this article). We estimated seed size as seed 600 area obtained from digital images of 300-600 seeds per cross type (Appendix S10; see 601
Supplemental Data with the online version of this article). Our results indicate that although both 602 types of hybrids have smaller seeds than the parental taxa, the ML x MG cross produces larger (if 603 mostly inviable) seeds than the reciprocal (and more viable) MG x ML cross (Appendix S10; see 604
Supplemental Data with the online version of this article). This suggests that interploidy crosses
in Mimulus do not mimic the seed phenotypes of interploidy crosses in Arabidopsis (Scott, Tratt, 606 and Bolbol, 2013). Further analyses of the morphology and histology of interploidy reciprocal 607 crosses of M. guttatus x M. luteus are needed to elucidate the mechanistic and genetic basis of 608 post-zygotic hybridization asymmetry in this group. 609
Pattern of hybridization asymmetry: adult plant phenotype-Most previous experimental 610
studies comparing the viability of asymmetrically produced hybrids have focused on the 611 immediate consequences of intrinsic post-zygotic incompatibilities at the seed and seedling stage 612 (seed number and seed germination). However, as we have shown, surviving hybrids may also 613 differ in their adult phenotypes depending on cross direction. Although our sample size is small, 614 our results show that paternal-excess Mimulus triploids possessed characteristics potentially 615 associated with high extrinsic fitness, including larger plant size. Paternal excess hybrids also 616 flowered earlier, and produced more nectar than maternal-excess triploids, but the direct effects 617 of these traits on hybrid fitness are expected to be negligible given that M. x robertsii is sexually 618 sterile (Roberts, 1964; Stace, 2010) , and this sterility does not differ in synthetic hybrids created 619 using reciprocal crosses (Roberts 1964 ways. First, it could simply be due to contamination during genotyping. However, we re-extracted 656 and re-genotyped this samples and confirmed the mitochondrial haplotype. Second, the three 657 samples could have been mistakenly identified as M. x robertsii but instead belong to M. luteus. 658
We think this is also unlikely as plants were morphologically identified on site, and we have also 659 conducted surveys of this population (NEN) in 2010, 2011, and 2013, and M. luteus has never 660 been observed in this or nearby populations. Third, the haplotypes in these three hybrids could 661 arise via introgression from M. luteus. Introgression across ploidy barriers has been shown for 662 nuclear markers in other species (Chapman and Abbott, 2010), and could possibly occur at the 663 mitochondrial level as well. Although, we cannot rule out this possibility, the lack of local M. 664 luteus (the nearest known M. luteus natural population is ~100km north), and principally the fact 665 that hybrids are not known to set seed (i.e., are almost completely sterile; Roberts, 1964; Vallejo-666 Marín, 2012), makes the introgression scenario unlikely. Fourth, the "M. luteus" haplotype in 667 hybrids could be explained by incomplete lineage sorting of ancestral polymorphisms between M. guttatus and M. luteus (Twyford and Ennos, 2012) . We cannot currently rule out ancestral 669 polymorphism, and this remains a distinct possibility given the observations that a single 670 individual of M. guttatus (DBL) bears a mitochondrial haplotype otherwise characteristic of M. 671 luteus (Table 2) . Similarly the mitochondrial haplotype for the British individual of M. luteus s.l. 672 (CS) nested within the M. guttatus clade also suggests incomplete lineage sorting. Given the 673 limited sampling of parental genotypes, incomplete lineage sorting remains a very likely 674 possibility. Fifth, it is possible that homoplasy resulting from the sequences converging on a 675 similar haplotype (especially if the sequences are not that distinct) could explain this pattern. 676
Finally, a simpler explanation may be that although the majority of hybrids are produced when M. 677 guttatus is the maternal parent, occasionally, the opposite cross can yield viable offspring. Indeed, 678 our experimental results show that viable hybrids in the ML x MG direction are produced albeit 679 with low probability (Figure 1) . 680
Skimming of cytoplasmic genomes -Acquisition of complete organellar genomes is 681
increasingly feasible with the advent of "genome skimming" techniques associated with next-682 generation sequencing projects. In fact, mitochondrial sequences usually represent 1-5% of the 683 reads obtained in such projects (Steele, et al., 2012; Smith, 2015) and are often discarded as 684 contamination during nuclear genomic analyses. Our study showed that data generated by whole-685 genome sequencing contain enough cytoplasmic 'contamination' to yield between 1,515 and 208-686 fold mean coverage of the chloroplast and mitochondria, respectively. Even the approach of 687 sequence capture, in which specific (nuclear) regions were targeted (Vallejo-Marín et al., 2015) 688 contained sufficient reads to build large contigs of both chloroplast and mitochondrial genes 689 (86,843 bp and 402,717 bp, respectively). As expected, however, the sequence capture data did 690 not allow us to genotype all the same sites in all individuals. The limited coverage of specific 691 sites was particularly acute for the mitochondrial genome, which reduced its utility in some of the 692 analyses conducted here. Our results suggest that using off-targeted reads from sequence capture 693 approaches may be sufficient to generate moderate numbers of genetic markers (e.g., Fig. 6 ), but 694 this approach is of limited utility when coverage of large numbers of sites across multiple 695 individuals is required (e.g., Figs. 4, 5) . Table 1 . Recent (1998 Recent ( -2015 reports of asymmetric crossing success following interploidy crosses. Some of the studies listed below verified that the seeds or seedlings produced were triploid; others did not and could potentially include diploid, tetraploid, or aneuploid offspring in their measure of success. 
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